This paper investigates the impact of High Voltage Direct Current (HVDC) transmission on the transient stability of a two-machine power system, considering three transmission line configurations: parallel HVAC-HVAC, parallel HVDC-HVDC, and a hybrid HVAC-HVDC operation. The faults are balanced three-phase shortcircuits in AC lines, and single phase faults on DC lines, applied in the mid-point of the interconnection. For each configuration, transient stability of the AC systems is assessed in terms of the fault critical clearing time (CCT), and for different DC power levels. The results indicate the contribution of HVDC transmission in increasing the critical clearing time; and therefore enhancing the systems stability margin and operational security.
INTRODUCTION
Fault critical clearing time (CCT) is commonly used as the conventional transient stability measure of power system robustness to withstand a given disturbance [1] . This parameter corresponds to the maximum time duration that a disturbance may last without losing the system capacity to recover to a steady-state stable operation. The CCT depends on both the initial operating state of the system, the location ant the severity of the disturbance.
Transient instability in a power system is exhibited in the form of swings in machine angle and grid power. In an interconnected network, power swings in one area may affect the connected areas and cause the instability of the entire network. The instability of frequency or voltage may cause loss of load in an area, transmission line tripping, equipment damage and degradation of power system performance [2] .
Several control schemes may be used to prevent this event, for example using power electronic equipment devices, in the form of Flexible Alternative Current Transmission Systems (FACTS) devices, or employing HVDC systems. In a purely AC system these control devices consist of voltage controls and turbine governor controls. Transmission in Direct Current (DC) offers attractive features such as fast controllability of power through converter control, bulk power transmission, ability to enhance transient stability problems associated with HVAC lines, asynchronous interconnections, environmental and economical advantages [4] .
Controllability in a DC link is assured by hierarchically organized controls: the master control, the pole control and the converter control [1] . The pole control system is responsible for the firing of the thyristor. On the rectifier side, a proportional integrator (PI) regulator maintains the DC current, whereas on the inverter side, a (PI) regulator controls DC voltage so that minimum losses are archived.
Several studies have emphasized the performance improvements of power systems brought on by HVDC controllability functions [3] . However, in earlier HVDC works, voltage and angle rotor stability have not thoroughly been addressed. Only in recent years, have papers [5 -9] addressed the issue of voltage stability in AC/DC interconnection. It has been recognized that weak AC/DC interconnection points can limit the power transfer capability of DC links during dynamic operation on account of the transient voltage stability phenomenon [8] .
Transient stability has been investigated for a parallel AC and hybrid AC-DC configurations in [10] . Both configurations were subjected to a fault near inverter bus. It has been shown that the presence of a DC link suitably controlled improves the transient stability of the system. HVDC schemes in parallel operation with AC transmission are prone to both angle and voltage instabilities even for relatively "strong" AC systems [9] . In [9] it has been shown that a HVDC with constant DC power control does not contribute to system synchronizing torque even with supplementary damping signal.
Fundamentally, transient stability is assessed based on synchronizing and damping torques. Lack of sufficient synchronizing torque results in an aperiodic instability, and lack of damping torque results in an oscillatory instability [1] .
An important measure for system security is the maximum time interval by which a fault must be cleared in order for the system to preserve its stability this maximum duration is the fault critical clearing time (CCT) In this paper, we investigate the transient stability of a two-machine power system, considering three transmission line configurations: parallel HVAC, parallel HVDC, and a hybrid HVAC-HVDC. The faults are applied in the mid-point of interconnections. For each configuration, transient stability of the systems is assessed in terms of the CCT. The results indicate the importance of installing HVDC to grid power system not only on increasing the stability margin and the tie-line power control but also increasing the power system critical clearing time.
SYSTEM MODELING

HVDC system
HVDC transmission systems transport very large amounts of electric power which can only be accomplished under tightly controlled conditions. Direct current and voltage are precisely controlled to affect the desired power transfer P d . It is necessary therefore to continuously and precisely measure system quantities which include at each converter bridge, the DC current I d , its DC side voltage, the delay angle D , and for an inverter, its extinction angle J . The principles of HVDC control can be well described by the two-terminal monopolar HVDC link schematized in Figure 1 , where the rectifier and the inverter are 12Ͳpulse converters using two 6Ͳpulse thyristor bridges connected in series. The corresponding equivalent circuit is shown in Figure 2 . The strength of the two AC systems connected by HVDC transmission has a significant impact on the AC/DC system interactions. This impact could be measured by the short-circuit ratio (K cc ) when AC filter ratings are excluded [1] :
Based on this parameter, the AC system is considered strong or weak. If the K cc > 3.0 the AC system is considered strong and control systems stability and robustness is not a problem. If K cc < 3.0, the AC system is considered weak. For such a system, converter controls are difficult to adjust and appropriate tuning is needed [11] . A minimum K cc level of 2.5 has often been used as a lower limit for acceptable DC operation [12] . The basic converter equations, for both rectifier and inverter operations, describing the relationship between the AC and DC variables can be written as follows [1] : 
where V d0r and V d0i represent the converter transformer noload DC voltage of the rectifier and inverter respectively. The equivalent commutation resistances of the rectifier and inverter are respectively R cr and R ci . The commutation reactance of the converter transformer at the rectifier and inverter are respectively X cr and X ci . The DC line resistance is denotes by R L . The firing angle for rectifier is D , the extinction angle for inverter is J ; the current of DC line is I d , the DC terminal voltage of the rectifier and the inverter ends are defined by V dr and V di respectively. Although several control strategies are suggested for DC link operation, most DC transmission systems use the control concept of constant extinction angle at the inverter with constant current control at the rectifier end. The shift logic of these controllers is implemented by the current in DC line I d which could be derived from the equivalent circuit: Figure 3 illustrates the basic control scheme of an HVDC link. An HVDC system can be divided into several levels. The master control layer determines the reference current I d_ref , which indeed decides the active power to be transmitted. The actual reference current I d_ref_lim used by the controllers is limited by the Voltage Dependent Current Order Limiter (VDCOL), which is implemented to help the fault recovery. This control automatically reduces the reference current I d_ref set point when V d_mes decreases (as, for example, during a DC line fault or a severe AC fault). Reducing the I d_ref currents also reduces the reactive power demand on the AC system, helping to recover from the fault. The difference between both settings is the current margin I margin and its value is normally fixed in the range of 10%Ͳ15% of the system rated current.
The current error I margin provides a transition between the current control and voltage control to facilitate control stabilization. The Pole control is the core of HVDC control and activates the appropriate controller of the rectifier and inverter station according to the state of AC/DC systems. Then it produces the firing angle ord D for both rectifier and inverter stations. The constant current mode at the rectifier is achieved using a typical PI regulator, which acts according to the error obtained from the measured and the desired current to keep the direct current constant. Pole control of the inverter station includes a constant current (CC) controller and a PI a constant extinction angle (CEA) controllers in order to maintain a constant voltage at the inverter end. Finally, the bridge or converter unit control determines the firing instants of the valves within a bridge. This has the fastest response within the control hierarchy.
AC and DC transmission line model
The DC transmission line is represented using the distributed parameter line model with lumped losses. For an AC transmission line, the resistance, inductance, and capacitance are uniformly distributed along the line. Unlike the distributed parameters line block, which has an infinite number of states, the S sections linear model has a finite number of states that permits to compute a linear state-space model.
TRANSIENT STABILITY CRITERIA
Transient stability is the ability of the power system to maintain synchronism when subjected to a severe transient disturbance such as a short-circuit on a transmission line. The resulting system response involves large excursions of generator rotor angles and is influenced by the nonlinear power-angle relationship [1] . The conventional transient stability measure of power system robustness to withstand a given disturbance (e.g., its stability degree) is named Critical Clearing Time (CCT), which is the maximum time duration that the disturbance may act without losing its capacity to recover to a steady-state (stable) operation. The CCT depends on both the initial operating state of the system, the location and the severity of the disturbance [1] .
TEST POWER SYSTEM
The proposed test power systems consist of two finite control areas interconnected via different HVDC and HVAC parallel line configurations. Each control area is represented by a turbine generator set equipped with power frequency and voltage reactive power control systems, an area load (P load ), and a system interconnection bus. An overview of the test power systems is shown in Figure 1 . For each AC system, the synchronous generator is represented by a sixth order dynamic model; the excitation system is represented by a third order dynamic model, the model parameters are given in the Appendix. The AC systems have identical nominal voltages, frequency, and short-circuit powers (U = 500 kV, f = 50 Hz; S cc = 5000 MVA). They are considered as strong systems since the corresponding short-circuit ratio (K cc ) is equal to 5). The model presented in Figure 4 includes two types of buses according to Table 1:   Table 1 
The equivalent commutation resistance of the rectifier is computed from equation (3) 
Referring to equations (8) and (9) 
SIMULATION RESULTS
The time domain simulation method is chosen to assess the transient stability of a power system because it is the most accurate method compared to direct methods. The differential equations to be solved are nonlinear ordinary equations with known initial values. In this work, the trapezoidal technique is used considering the fact that it is widely used for solving electro-mechanical differential algebraic equations. When a three-phase fault occurs at any line in the system, a breaker will operate and the respective line will be disconnected at the Fault Clearing Time (FCT) which is set by the user. If the relative rotor angles with respect to the slack generator remain stable after the fault is cleared, it implies that FCT < CCT and the power system is stable. However, if the relative angles go out of step after the fault is cleared, FCT > CCT and the system is unstable.
Methodologically, the type of contingencies considered are three-phase balanced faults created at the mid-point if the AC tie-lines and single phase faults applied on the DC tie-lines. For comparison, the study considers three different tie-line configurations: (Fig 4(a) ) -Configuration 2: Hybrid HVAC-HVDC (Fig 4(b) ) -Configuration 3: Parallel HVDC-HVDC (Fig 4(c)) 
Comparative Analysis
The simulation tests were carried out to compare system dynamic responses of the above three configurations for four scenarios are tested:
Case 1: Configuration 1-Parallel HVAC-HVAC
A three phase short-circuit fault occurs at the mid-point of the AC transmission line. A critical time noted CCT AC//AC is determined ( Table 2 ). The simulation results depicted in Figure 5 shows the speed machine 2 for the stable and the unstable cases.
Case 2a: Configuration 2a -Hybrid HVAC-HVDC
A three phase short-circuit fault occurs at the middle of AC transmission line. A critical time noted CCT AC//DC-a is determined (Table 2 ). Figure 6 shows the angular speed of machine 2 for the last stable simulation (FCT<CCT AC//DC-a ) and for the unstable case (FCT > CCT AC//DC-a ).
Case 2b: Configuration 2b-Hybrid HVAC-HVDC
A single phase short-circuit fault occurs at the mid-point of the DC transmission line. The critical clearing time noted CCT AC//DC-b is determined (Table 2) and the results are shown in Figure 7 .
Case 3: Configuration 3-Parallel HVDC-HVDC
A single phase short-circuit fault occurs at the mid-point of the DC transmission line. The critical clearing time noted CCT DC//DC is determined (Table 2, Figure 8 ).
In all the above cases, the CCT is obtained by increasing the fault duration gradually until the system loses its stability. Table 2 This result further confirms the improvement of system transient stability by adding the DC transmission.
Influence of AC-DC interconnection ratio
In the following, the influence of the relative capacity of the HVDC and the parallel AC transmission is investigated. The ratio between the active power transmitted and the continuous power to HVDC line is defined by a ratio R:
where P ac is the active power transmitted by the AC line (MW) and P d is the continuous power line DC (MW).
According to [9] , the strength of an AC line is classified as high or low depending on the value of R: x R : the AC line is strong x R : the AC line is weak
The reference power of the DC line noted P d_ref DC is varied (P d_ref_DC = 800 MW, 1000 MW, and 1300 MW) keeping constant the total transmitted power: A three short-circuit fault at the mid-point of the AC line is applied and the corresponding CCT is determined.
Two different cases were considered: the case when the capacity of the parallel AC transmission P ac is much less than the DC power P d with R=0.63; and the case when the capacity of the AC transmitted power P ac is higher than the DC power P d with R=1.66. The results presented in Table  3 show the positive impact of the increased ratio on the CCT.
The increase of the DC current significantly reduces the momentary AC power transfer capability; improving therefore the CCT, and hence increasing the stability margin of the network when the AC line becomes weaker. In fact, in a DC transmission, DC transmitted power is independent from the AC transmission angle į. This possibility is often used to improve the performance and efficiency of the connected AC networks. The controllability of the HVDC power is often used to improve the operating conditions of the AC networks where the converter stations are located. 
